
I (ACCESSION NUMBER) (THRU) 

0 
4 a. 3 r  / 

d Y  BELLCOMM, I N ~ .  - -  t (PAGES) 

(CATEGORY) 
i c?fP Bg V@L/ 1100 SEVENTEENTH STREET, N.W. WASHINGTON, D.C. 

(NASA CR OR TMX OR AD NUMBER) 

COVER SHEET FOR TECHNICAL MEMORANDUM 

T I T L E -  The E f f e c t  of Launch T i m e  on t h e  
Performance o f  a S o l a r  Ar ray /Ba t t e ry  
E l e c t r i c a l  Power System 

F I L I N G  CASE NO(S) -  600-3 

F I  L I N G  SUBJECT( S)- Apollo A p p l i c a t i o n s  Program 
(ASSIGNED BY AUTHOR( S)- Space Power Systems 

ABSTRACT 

TM- 67-1022-3 

DATE- J u l y  11, 1 9 6 7  

AUTHOR(S)- W .  W .  Hough 

T h i s  r e p o r t  p r e s e n t s  an a n a l y t i c a l  t r e a t m e n t  o f  t h e  s u b j e c t  
o f  con t inuous  power o u t p u t  from a s o l a r  array b a t t e r y  sys t em on a s p a c e  
v e h i c l e  i n  n e a r  ear th  o r b i t  as a f u n c t i o n  o f  s e v e r a l  v a r i a b l e s .  Among 
t h e  v a r i a b l e s  are l aunch  t i m e ,  m i s s i o n  t i m e  and d u r a t i o n ,  f l i g h t  a t t i -  
t u d e ,  and a r r a y  o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  s p a c e c r a f t .  T h i s  ana ly-  
s i s  was per formed as p a r t  o f  a t r a d e - o f f  s t u d y  on power sys tem c o n f i g -  
u r a t i o n  v s .  f l i g h t  a t t i t u d e  f o r  t h e  Apollo A p p l i c a t i o n s  Miss ions  1 and (, 

2 ,  and a l l  numer i ca l  r e s u l t s  are based on t h e  f i x e d  parameters of  t h a t  
s e t  o f  m i s s i o n s .  

S t a t i s t i c a l  a n a l y s e s  o f  t h e  minimum a n g l e  between t h e  sun  
l i n e  and t h e  o r b i t a l  p l a n e ,  B ,  and o f  con t inuous  power o u t p u t s  have 
y i e l d e d  ave rage  v a l u e s  of t h e s e  q u a n t i t i e s  o v e r  t h e  c o u r s e  o f  m i s s i o n s  
l aunched  a t  s p e c i f i c  t imes.  Maximums, minimums, means, and v a r i a n c e s  
o f  these  a v e r a g e s  have been found t o  e v a l u a t e  t h e  power sys tem capa- 
b i l i t y  f o r  a random launch  t ime .  T h i s  approach  y i e l d s  a basis  for com- 
p a r i n g  power s y s t e m  c o n f i g u r a t i o n s  arid i ' i ig i i t  attitudes t h a t  i s  m o r e  
v a l i d  thaa a s t u d y  of performance a t  t h e  l i m i t s  o f  8 ( i n  t h i s  c a s e  0 
and 51 .95  ) which o c c u r  i n f r e q u e n t l y ,  and pe rhaps  n e v e r ,  o v e r  t h e  
c o u r s e  of a m i s s i o n .  For a s p a c e c r a f t  s t a b i l i z e d  by g r a v i t y - g r a d i e n t  
t o r q u e ,  optimum f i x e d  array o r i e n t a t i o n s  have been found as a f u n c t i o n  
o f  B .  

For t h e  AAP-l /AAP-2 2 8  day mission, t h e  ave rage  B a n g l e  
w i l l  v a r y  between 9.54' and 35.28' depending  on l a u n c h  t i m e .  
y e a r l y  mean f o r  a random launch  t i m e  i s  20.44O. Average con t inuous  
power o u t p u t  for e l e c t r i c a l  power sys tem p a r a m e t e r s  assumed ( 6 . 0 7  KW 
s u n  o r i e n t a t e d  a r r a l i  o u t p u t )  w i l l  v a ry  between 2 . 7 3  and 2 . 9 4  KW f o r  an  
i n e r t i a l  a t t i t u d e ,  w i t h  t h e  mean o v e r  a y e a r  b e i n g  2 . 8 0  K W .  If t h e  
s p a c e c r a f t  i s  g r a v i t y - p a d i e n t  s t a b i l i z e d ,  t h e  mean sys tem o u t p u t  w i l l  
b e  1 . 6 0  Kw' or 57% o f  t h e  mean a v a i l a b l e  w i t h  an i n e r t i a l  a t t i t u d e  
( n e g l e c t i n g  s p a c e c r a f t  shadowing) i f  t h e  a r r a y  o r i e n t a t i o n  i s  v a r i a b l e  
w i t h  m i s s i o n  t i m e ,  and 1 . 4 9  KW or 53% i f  t h e  a r r a y  i s  f i x e d  a t  an 
o r i e n t a t i o n  t h a t  i s  optimum a t  t h e  y e a r l y  mean of  6 .  An a r r a y  o r i e n -  
t a t i o n  e x i s t s  t h a t  makes con t inuous  power o u t p u t  a lmost  independent  of 
b o t h  l a u n c h  and m i s s i o n  t i m e ,  b u t  d r o p s  t h e  ave rage  con t inuous  o u t p u t  
t o  1.36 Kw o r  1\85 o f  t h a t  a v a i l a b l e  w i t h  an i n e r t i a l  o r i e n t a t i o n .  

The 
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SUBJECT: The E f f e c t  o f  Launch T i m e  on t h e  DATE: J u l y  11, 1 9 6 7  

Washington, D. C. 20036 
s 

Performance o f  a S o l a r  Ar ray /Ba t t e ry  
E l e c t r i c a l  Power System - Case 600-3 FROM: W .  W .  Hough 

TM-67-1022- 3 

TECHNICAL MEMORANDUM 

I .  I N T R O D U C T I O N  

T h i s  memorandum r e p o r t s  a s t u d y  o f  t h e  e f f e c t  o f  l aunch  
t i m e  on t h e  power o u t p u t  o f  a s o l a r  a r r a y / b a t t e r y  e l e c t r i c a l  power 
s y s t e m  mounted i n  v a r i o u s  c o n f i g u r a t i o n s  t o  s a t e l l i t e s  i n  nea r -  
e a r t h  o r b i t .  The s t u d y  was performed as . p a r t  o f  a t r a d e - o f f  on 
f l i g h t  a t t i t u d e s  v s .  power s y s t e m  c o n f i g u r a t i o n s  f o r  Apollo Appli-  
c a t i o n s  Miss ion  1 and 2 (AAP-l /AAP-2) .  The power f o r  t hese  com- 
b i n e d  m i s s i o n s  i s  p r o v i d e d  by  CSM f u e l  c e l l s  p l u s  a s o l a r  c e l l  
a r r a y / b a t t e r y  sys tem on t h e  O r b i t a l  Workshop. 

The two a t t i t u d e s  under  c o n s i d e r a t i o n  f o r  t h e  A A P - l /  
AAP-2 c o n f i g u r a t i o n  are g r a v i t y - g r a d i e n t  s t a b i l i z e d  and i n e r t i a l l y  
s t a b i l i z e d .  The l a t t e r  g i v e s  (as  w i l l  b e  shown l a t e r )  a h i g h e r  
s o l a r  a r r a y  o u t p u t ,  b u t  i s  no t  w i t h o u t  p e n a l t i e s .  The q u a s i -  
i n e r t i a l  method,' i n  which t h e  s p a c e c r a f t  tumbles  p a s s i v e l y  about  
an a x i s  normal t o  t h e  o r b i t a l  p l a n e  a t  an  ave rage  r a t e  e q u a l  t o  
t h e  n e g a t i v e  o f  t h e  o r b i t a l  r a t e ,  r e q u i r e s  r e a c t i o n  c o n t r o l  sys-  
t e m  p r o p e l l a n t  for f r e q u e n t  i n i t i a l i z a t i o n  of a t t i t u d e  and a t t i -  
t u d e  r a t e s .  Ac t ive  i n e r t i a l  s t a b i l i z a t i o n  by c o n t r o l  moment gy ros  
has t h e  p e n a l t y  of t h e  weight  o f  t h o s e  g y r o s .  Both methods o f  i n -  
e r t i a l  s t a b i l i z a t i o n  r e q u i r e  more power t o  r u n  t h e  c o n t r o l  sys tems 
t h a n  t h e  g r a v i t y - g r a d i e n t  s t a b i l i z a t i o n  mode, which i s  comple te ly  
p a s s i v e  once e s t a b l i s h e d .  

The I n t r o d u c t i o n  t o  t h i s  p o i n t  has i n d i c a t e d  some o f  t h e  
f a c t o r s  t h a t  must b e  cons ide red  i n  t h e  t o t a l  t r a d e - o f f  s t u d y .  From 
t h i s  p o i n t ,  d i s c u s s i o n  w i l l  b e  l i m i t e d  t o  t h e  s p e c i f i c  s u b j e c t  o f  
t h e  power a v a i l a b l e  from s o l a r  arrays as a f u n c t i o n  o f  c o n f i g u r a -  
t i o n  r e l a t i v e  t o  t h e  s a t e l l i t e ,  f l i g h t  a t t i t u d e ,  and l aunch  t i m e .  
The e q u a t i o n s  deve loped  are a p p l i c a b l e  f o r  any c i r c u l a r  ear th  or- 
b i t ,  b u t  numer i ca l  r e s u l t s  are based gn t h e  f i x e d  p a r a m e t e r s  of  
t h e  AAP- l /AAP-2  m i s s i o n  ( i . e . ,  28 1 / 2  i n c l i n e d  o r b i t  o f  270 n a u t i -  
c a l  mile  a l t i t u d e ) .  

I n  a g r a v i t y - g r a d i e n t  s t a b i l i z e d  a t t i t u d e ,  t h e  power ou t -  
p u t  o f  a f i x e d  s o l a r  a r r a y  i s  h e a v i l y  dependent  on t h e  a n g l e  between 

'For a complete  d i s c u s s i o n  o f  t h e  q u a s i - i n e r t i a l  method o f  
s p a c e c r a f t  s t a b i l i z a t i o n ,  s e e  B e l l c o m  TR-67-600-3-1, B.  D .  E l r o d ,  
" Q u a s i - I n e r t i a l  S t a b i l i z a t i o n  o f  t h e  A A P  1 / 2  C l u s t e r  C o n f i g u r a t i o n " ,  
A p r i l  1 4 ,  1967. 
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t h e  s o l a r  v e c t o r  and t h e  o r b i t a l  p l a n e .  
e n c e s  t h e  power a v a i l a b l e  from a n  i n e r t i a l l y  s t a b i l i z e d ,  o r  
e q u i v a l e n t l y  a s u n - o r i e n t e d  a r ray ,  because  of v a r i a t i o n  i n  e a r t h  
shadow t i m e .  T h i s  a n g l e  i s  t i m e - v a r i a b l e  w i t h i n  l i m i t s  de t e rmined  
by t h e  season  of t h e  year and o r b i t a l  i n c l i n a t i o n ,  and i t s  i n i t i a l  
v a l u e  a t  l aunch  i s  a f u n c t i o n  o f  v a r i a b l e s  such  as t h e  t i m e  of 
day and t ime of  year  of  l aunch  and t h e  l aunch  az imuth .  The 
s t a t i s t i c a l  s t u d y  of t h e  m i s s i o n  a v e r a g e  f u n c t i o n s  of t h e  sun- 
l i n e - o r b i t a l  p l a n e  a n g l e  presented  i n  t h i s  memorandum can be used  
f o r  thermal  b a l a n c e  a n a l y s e s  as w e l l  as a n a l y s e s  o f  power o u t p u t  
of s o l a r  a r r a y s .  

T h i s  a n g l e  a l s o  i n f l u -  

11. THE EQUATION FOR THE ANGLE BETWEEN THE SUN LINE AND THE 
ORBITAL PLANE 

are  : 

T: 

S :  

Y: 

e: 

X :  

n: 

i: 

Z :  

The p o s i t i o n  of any c i r c u l a r  ea r th  o r b i t  w i t h  r e s p e c t  

The  r e q u i r e d  d e f i n i t i o n s  of axes  and a n g l e s  
t o  t h e  sun can be de t e rmined  by  t h e  s p e c i f i c a t i o n  of  f o u r  a n g l e s  
shown i n  F i g u r e  1. 

Along t h e  l i n e  of  nodes of t h e  e c l i p t i c  and e q u a t o r i a l  
p l a n e s  w i t h  o r i g i n  a t  t h e  c e n t e r  of t h e  ea r th ,  0 ,  and 
p o s i t i v e  toward t h e  sun a t  t h e  v e r n a l  equ inox .  T i s  
space  f i x e d .  

The s o l a r  v e c t o r  d i r e c t e d  from t h e  c e n t e r  of t h e  ear th  
toward t h e  s u n .  

The a n g l e  between T and S measured i n  t h e  e c l i p t i c .  
y i s  z e r o  a t  v e r n a l  equinox and i n c r e a s e s  w i t h  t i m e .  

The a n g l e  between t h e  e c l i p t i c  and e q u a t o r i a l  p l a n e s .  
A n e g a t i v e  r o t a t i o n  about  T t h r o u g h  e w i l l  t r a n s f o r m  a 
se t  of e c l i p t i c  c o o r d i n a t e s  t o  e q u a t o r i a l  c o o r d i n a t e s .  
The a n g l e  e i s  t a k e n  a t  a f i x e d  v a l u e  of  2 3 ' 2 7 ' .  

Along t h e  l i n e  o f  nodes of t h e  e q u a t o r i a l  and o r b i t a l  
p l a n e s  w i t h  o r i g i n  a t  t h e  c e n t e r  of t h e  ear th  and p o s i -  
t i v e  toward t h e  a scend ing  node.  

The a n g l e  between T and x measured i n  t h e  e q u a t o r i a l  
p l a n e .  52 i s  p o s i t i v e  as shown i n  F i g u r e  1, and i n -  
c r e a s e s  as x becomes more ea s t e r ly  o f  T .  ( 5 2  can  a l s o  
be  though t  o f  as t h e  r i g h t  a s c e n s i o n  of t h e  a scend ing  
node of t h e  o r b i t . )  

The a n g l e  between t h e  e q u a t o r i a l  and o r b i t a l  p l a n e s ,  
or o r b i t a l  i n c l i n a t i o n .  

The normal  t o  t h e  o r b i t a l  p l a n e ,  p o s i t i v e  toward t h e  
n o r t h .  
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8 :  The a n g l e  between t h e  o r b i t a l  p l a n e  and t h e  s o l a r  
v e c t o r ,  S .  If w e  view t h e  o r b i t  as p r o j e c t e d  i n  t h e  
p l a n e  de te rmined  by S and Z ,  i t  w i l l  appear as a l i n e  
(see s k e t c h  a t  t h e  t o p  o f  F i g u r e  1.) 8 i s  t h e  a n g l e  
shown and i s  p o s i t i v e  when t h e  a n g l e  S-0-Z i s  o b t u s e  
and n e g a t i v e  when t h a t  a n g l e  i s  a c u t e  ( i . e . ,  B = a n g l e  

s-0-z - 9 0 " ) .  

The f u n c t i o n a l  r e l a t i o n s h i p  between B and t h e  f o u r  
o t h e r  a n g l e s  j u s t  d e f i n e d  i s :  

s inB  = s i n y ( s i n  i cosG cos  e - cos i s i n  e )  - s i n  i s i n n  cosy 

The d e r i v a t i o n  of  t h i s  e q u a t i o n ,  w i t h  one d i f f e r e n c e ,  w i l l  b e  

g i v e n  i n  a Bellcomm memorandum* and w i l l  n o t  b e  repeated h e r e .  
(The d i f f e r e n c e  i s  t h a t  i n  t h a t  d e r i v a t i o n  t h e  autumnal  equinox 
was t a k e n  as r e f e r e n c e ,  and t h i s  r e s u l t s  i n  a p o s i t i v e  r a the r  
t h a n  a n e g a t i v e  " s i n y  cos i s i n  e" t e r m  i n  t h e  above e q u a t i o n  
because  t h e  r o t a t i o n  th rough  e i s  a p o s i t i v e  r o t a t i o n . )  

The a n g l e  e i s  always f i x e d ,  and t h e  a n g l e  i i s  f i x e d  
f o r  any g i v e n  mis s ion .  T h e r e f o r e  t h e  e q u a t i o n  f o r  s inB  can be 
w r i t t e n :  

s i n 6  = A s i n y  cosn t B s i n Q  cosy + C s i n y  

2 E l r o d ,  B. D . ,  " D e r i v a t i o n  o f  E x p r e s s i o n  f o r  Angle Between 
Sun L ine  and O r b i t  P l ane" ,  Bellcomm Memorandum f o r  F i l e ,  to be 
pub lis hed . 
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The a n g l e s  y and .Q a r e  b o t h  t ime dependent .  Three 
t imes must be s p e c i f i e d  i n  t h e  i n v e s t i g a t i o n  of  t h e  b e h a v i o r  
of 6 and i t s  t r i g o n o m e t r i c  f u n c t i o n s .  

: t h e  time of  l aunch  measured from t h e  t ime o f  t h e  
v e r n a l  equinox 

mis s ion  time measured from to  (t  = 0 a t  to)  

t h e  l o c a l  t ime o f  launch  a t  t h e  l aunch  s i t e .  

If Y = Yo a t  to ,  t h e n :  

t : 

T L :  

Y = Yo + Y t  ( 3 )  

where = 360° / so la r  y e a r  = 0.985647365'/day, 

and i f  il = Go a t  to, t h e n :  

a = n  + i t  ( 4 )  0 

where h i s  the  t i m e  r a t e  o f  change o f  a .  
o f  R i s  due t o  t h e  e a r t h ' s  o b l a t e n e s s .  An approximate  e q u a t i o n  

3 f o r  i i s :  

The major  component 

3 B l i t z e r ,  Leon, "On t h e  Motion o f  a S a t e l l i t e  i n  t h e  
G r a v i t a t i o n a l  F i e l d  of t h e  O b l a t e  E a r t h " ,  Space Technology 
L a b o r a t o r i e s  - GM-TM-0165-00279, September 5 ,  1958. 
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where J2 = 1.6234 x 

R 

H = a l t i t u d e  o f  t h e  o r b i t  (NM) 

1-1 

i = o r b i t  i n c l i n a t i o n  

= r a d i u s  o f  t he  ear th ,  o r  3443.9 n a u t i c a l  miles (NM) 

= e a r t h ' s  g r a v i t a t i o n a l  c o n s t a n t  = 4.68427 x lo1' NM 3 /day 2 

With a l l  known c o n s t a n t s  e n t e r e d ,  t h e  above e q u a t i o n  becomes: 

degrees /day i = -  2.3876 x 10'' cos  i 
1/2 (3443.9 + H) 

The v a l u e  o f  y a t  launch  i s :  

Y o  = Y t O  ( 7 )  

The s p e c i f i c a t i o n  o f  R o  i s  a much more complex problem. 
R e f e r r i n g  to F i g u r e  1, w e  can obse rve  t ha t  t h e  l o c a l  t i m e  
o f  day  (12 .50  = 12:30 h o u r s )  a t  T i s  

where n i s  1 if 0' 5 y < 180' and 0 i f  180' 5 y 360' and 
s i m p l y  makes 0 < T~ < 2 4 . 0 0 .  

t h e  l o c a l  t i m e  of day a t  t h e  a s c e n d i n g  node of t h e  o r b i t a l  
p l a n e  ( X I :  

I f  R i s  s p e c i f i e d ,  w e  can f i n d  - 
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T X = 'I T +[&I [24 hrs ] -  m(24.00) 

o r  

where m and q are i n t e g r a l  m u l t i p l i e r s  l i k e  n t h a t  s e r v e  to 
s a t i s f y  t h e  r equ i r emen t  t h a t  0 < T < 24.00. Note t h a t  R = y 

i f  T = 12.00 ( i . e . ,  n o o n ) .  
x -  

X 
A t  to ,  t h a t  i s  a t  launch ,  t h e  l o c a l  t i m e  a t  t h e  l aunch  

s i t e  i s  T ~ .  

l o n g i t u d e  o f  t h e  l aunch  s i t e  
o f  t h e  a scend ing  node,  x. Figure  2 shows t h e  geometry n e c e s s a r y  
t o  de t e rmine  t h e  a n g l e  between x and t h e  l o n g i t u d e  o f  t h e  l aunch  
s i t e .  

F o r  a l aunch  from t h e  n o r t h e r n  hemisphere ,  t h e  

w i l l  b e  between 0 and 180' eas t  

N 

X J 
FIGURE 2 
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D e f i n i t i o n s  o f  t h e  a n g l e s  r e q u i r e d  are:  

u = a n g l e  between x and t h e  l o n g i t u d e  o f  t h e  

R = l a t i t u d e  of l a u n c h  s i t e  

a = l aunch  azimuth 

l aunch  s i t e ,  a t  l aunch  0 

By s p h e r i c a l  t r i g o n o m e t r y :  

cos  a 
C O S U  = o s i n  i 

Launch azimuth i s  r e l a t e d  t o  i n c l i n a t i o n  b y :  

cos  i 
cos R s i n a  = 

It i s  i m p o r t a n t  to n o t e  t h a t  a i n  (11) i s  double  v a l u e d ,  ( i . e . ,  
two l aunch  az imuths ,  v a r y i n g  e q u a l  amounts n o r t h  and s o u t h  from 
due ea s t ,  can  be used  to e s t a b l i s h  a g i v e n  o r b i t a l  i n c l i n a t i o n  
from a c e r t a i n  l aunch  l a t i t u d e . )  I n  u s i n g  (11) i t  i s  t h e r e f o r e  
~ P C P S S , ~ ~ ~  t o  know whether  t h e  l a u n c h  azimuth i s  g r e a t e r  o r  less  
t h a n  9 0 ' .  The l o c a l  t i m e  o f  day at t h e  l aunch  s i t e  i s  



BELLCOMM, I N C .  

o r  

T~ = 36.00 - 

- 9 -  

- yo p 4  h r s j  + R o  [24 h r s g  
360 

where r and s are i n t e g r a l  m u l t i p l i e r s  t ha t  s e r v e  t o  s a t i s f y  
t h e  requirement  t ha t  0 < T~ 5 24.00.  Zero s u b s c r i p t s  have been 
added t o  y and R t o  des igna te  t h e  va lues  of these ang le s  a t  to. 
With  T~ s p e c i f i e d ,  v 

equa t ion  ( 1 2 )  can b e  so lved  f o r  R o  

c a l c u l a t e d  by (lo), and yo e v a l u a t e d  by ( 7 ) ,  
0 

R o  = ( T ~  - 1 2 . 0 0 )  1 ' j0/hr .  + yo - v 
0 

(13)  

S u b s t i t u t i o n  of ( 3 )  and ( 4 )  i n  ( 2 )  g i v e s  

sinB = A s i n  ( y o  + it) cos(no  + i t )  

Th i s  equa t ion  can b e  p u t  i n t o  a more usab le  form f o r  s tudy  o f  
s i n 6  as a f u n c t i o n  of t: 
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s inB = J s i n ( y o  + R x c o s i t  

+ R x s i n i t  +J cos(yo 

+K s i n ( y o  - R x c0st. t  

+K c o s ( y o  - a 0 )  x si& 

0 

0 

0 

+C s i n  yo x c o s i t  

+C cos  yo  x s i n i t  

A-B . .  
A t B  , K = -  A = i+ii , and = y-a. where:  J = - 2 '  2 

The l e f t  s ides  of  a l l  terms i n  ( 1 5 )  a re  c o n s t a n t s  f o r  any s p e c i f i c  
l a u n c h  t i m e ,  w i t h  yo e v a l u a t e d  b y  ( 7 )  and Slo b y  ( 1 3 ) .  
s ides  o f  a l l  terms are harmonic f u n c t i o n s  of  t i m e .  

The r i g h t  

111. PROPERTIES OF THE SUN LINE - ORBITAL PLANE ANGLE FOR 
A A P - l / A A P - 2  

The AAP- l /AAP-2  s p a c e c r a f t  w i l l  b e  i n s e r t e d  i n t o  a 
2 8  1/2' i n c l i n e d  c i r c u l a r  o r b i t  a t  a 270 n a u t i c a l  m i l e  a l t i t u d e  
u s i n g  a 90' l aunch  az imuth  from Cape Kennedy. 
d u r a t i o n  i s  2 8  days .  Although a schedu led  l aunch  date  e x i s t s ,  
l a u n c h  t i m e  s h a l l  be t r e a t e d  as p e r f e c t l y  random. The l i m i t s  on 
€3 for t h e  2 8  1 / 2 O  o r b i t  are  t 51' 5 7 ' .  However, n e g a t i v e  v a l u e s  
of B are no d i f f e r e n t  f rom the s p a c e c r a f t ' s  p o i n t  o f  view t h a n  
p o s i t i v e  v a l u e s .  A f i x e a  s o l a r  array w i l l  r e c e i v e  t h e  s a x  
i n c i d e n t  s u n l i g h t  a t  6 = -20' as i t  w i l l  a t  f3 = +20 . 
o p t i m i z e d  s o l a r  a r r a y  o r i e n t a t i o n s  f o r  t h e  g r a v i t y  g r a d i e n t  
s t a b i l i z e d  a t t i t u d e ,  a 1-80' roll of  t h e  s p a c e c r a f t  i s  r e q u i r e d  t o  
meet t h i s  c o n d i t i o n ,  b u t  t he re  i s  no c o n s t r a i n t  a g a i n s t  pe r fo rming  
s u c h  a maneuver. The o u t p u t s  of a l l  arrays c o n s i d e r e d  a re  dependent  
on t h e  a b s o l u t e  v a l u e  o f  B and i t s  t r i g o n o m e t r i c  f u n c t i o n s .  

t i m e  for two c a s e s .  The case  of l aunch  on December 9 was p icked  s o  
t h a t  B would r e a c h  i t s  maximum l i m i t  midway th rough  t h e  28 day A A P - l /  
AAP-2  m i s s i o n .  With t h i s  launch  t i m e  and m i s s i o n  d u r a t i o n ,  B w i l l  
n e v e r  b e  z e r o .  The second case  was a r b i t r a r i l v  chosen from among 
t h e  set  used i n  t h e  comDuter s t u d y .  The February  1 0  launch  g i v e s  a 
B e q u a l  t o  z e r o  t w i c e  d u r i n g  t h e  m i s s i o n .  

The p lanned  m i s s i o n  

0 For  some 

F i g u r e  3 shows t h e  a c t u a l  v a r i a t i o n  of  I B I  w i t h  m i s s i o n  
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LAUNCH ON FEB IO 
AT 08.41 HRS 

M I S S I O N  TIME, DAYS 

FIGURE 3 

\ 

I n  comparing s o l a r  array c o n f i g u r a t i o n s ,  t h e  o u t p u t s  of  
which are dependent  on 1 6 1 ,  t h e  ave rage  o f  t h e  power o v e r  t h e  
m i s s i o n  w i l l  be used  as a c r i t e r i a .  A s  a p r e c u r s o r  t o  t h e  s t u d y  
of ave rage  power o u t p u t s ,  i t  i s  u s e f u l  t o  examine t h e  ave rage  v a l u e s  
of 161; s i n l B l  = I s inBI ;  and cos lBl  = lcosBl = C O S B ,  ove r  t h e  
m i s s i o n  a s  a f u n c t i o n  of launch  t i m e .  The  e x p r e s s i o n s  used  a re :  
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I s i n '  I avg ( cos  B )  av I 1 avg 

35.28' .564 -796 

9 54O .164 - 979 

6.97O 

20.44' 337 .go7 

i nF( - 0 5 2  _ - -  

where T i s  t o t a l  mi s s ion  d u r a t i o n ,  i . e . ,  28 days .  A s  t h e r e  
a r e  no  convenient  c l o s e d  fo rm exDress ions  f o r  anv o f  t h e  above 
i n t e g r a l s ,  t h e  c a l c u l a t i o n s  have been  per fcrmed n u m e r i c a l l y .  
Approximately 1 0 0 0  launch  t imes  (which s e t  to  and T ~ )  have been 
used .  The r e s u l t s  a r e  summarized i n  t h e  f o l l o w i n g  t a b l e ,  which 
l i s t s  t h e  maximum and minimum of  1 8 1  d e f i n e d  by (16), and 
t h e  a s s o c i a t e d  v a l u e s  o f  IsinBl * and ( c o s ' )  and t h e  mean 

Y Y  avg avg 
and v a r i a n c e  o f  t h e s e  q u a n t i t i e s  f o r  a random launch  t i m e .  

avg  

* and s i m i l a r l y  w i t h  t h e  Note t h a t  s i n ( l B a v g / )  f lsinB1 avg 
c o s i n e .  

n 
'avg )2 

Y *  
Var iance  i s  d e f i n e d  as 
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The maximum I B I  w i l l  occu r  i f  t h e  v e h i c l e  i s  
launched  1 4  days p r i o r  t o  w i n t e r  s o l s t i c e ,  on December 9 ,  
a t  1 9 . 1 9  hour s  KSC t i m e .  There i s  a s imilar  t i m e  on June  9 ,  
which i s  1 4  d a y s  p r i o r  t o  summer s o l s t i c e ,  which a l s o  g i v e s  
t h e  i n i t i a l  c o n d i t i o n  t o  make I B l a v F  maximum. The minimum 

avg 

i s  much more d i f f i c u l t  t o  p i z k .  The one g i v e n  o c c u r s  I B I avg 
w i t h  launch  on Janua ry  2 1  a t  6:oo h o u r s .  S e v e r a l  o f  t h e  
l aunch  t imes ( f o r  example,  about  6:oo a.m. f o r  J a n u a r y  da tes  
and 6 : o o  p.m. f o r  J u l y  da t e s )  u s e d  i n  t h e  computer s t u d y  g i v e  
a l f i lavg  between 9 . 5 O  and loo. 

F i g u r e  4 i s  a p l o t  o f  I B I  f o r  t h e  28 days  f o l l o w i n g  
avJz 

l aunch  a t  p r o g r e s s i v e  times from October  2 4  t h rough  October  2 6 .  
The l a r g e  v a r i a t i o n  and approximate d a i l y  p e r i o d i c i t y  i n d i c a . t e  
t h e  heavy dependence o f  t h e  I B I  h i s t o r y  on t h e  t i m e  o f  day  o f  
l aunch ,  (or i n  o t h e r  words,  t h e  r a t e  of t h e  e a r t h ' s  r o t a t i o n  abou t  
i t s  p o l a r  a x i s ) .  I n  F i g u r e  4 ,  t h e  d a i l y  mean o f  I B I  for 
l aunch  on these  t h r e e  d a y s  i s  a l s o  shown. F i g u r e  5 i s  a p l o t  of 
t h i s  same d a i l y  mean o f  I B (  f o r  t h e  28 day m i s s i o n  v s .  l aunch  
da t e  f o r  t h e  e n t i r e  yea r .  The mean o f  t h a t  c u r v e ,  which i s  p u r e l y  
p e r i o d i c ,  has t h e  f i x e d  va lue  o f  2 0 . 4 4 O  as g i v e n  i n  t h e  t a b l e .  

avg 

av g 

IV. S O L A R  ARRAY POWER O U T P U T  

For  t h e  purpose  of t h i s  a n a l y s i s  i t  i s  assumed t h a t  when 
a s p a c e c r a f t  i s  i n  s u n l i g h t ,  t h e  power o u t p u t  from a p l a n a r  s o l a r  
a r r a y  i s  e q u a l  t o  t h e  power o u t p u t  when t h e  a r r a y  i s  f a c i n g  d i r e c t l y  
toward t h e  sun  t imes c o s i n e  o f  t h e  a n g l e  between t h e  s u n - l i n e  and 
t h e  outward normal t o  t h e  a r r a v  when t h e  c o s i n e  i s  p o s i t i v e .  The 
o u t p u t  i s  z e r o  when t h e  c o s i n e  i s  n e g a t i v e .  I f  t h e  s p a c e c r a f t  i s  
i n  t h e  e a r t h ' s  shadow, t h e  o u t p u t  i s  z e r o .  

* 

A .  Gravi tv-Gradien t  S t a b i l i z e d  A t t i t u d e  

F i g u r e s  6 and 7 show t h e  geometry n e c e s s a r y  t o  de t e rmine  
t h e  c o s i n e  o f  t h e  a n g l e  between t h e  s u n - l i n e  and t h e  outward normal 
t o  an  a r r a y  f i x e d  to a s p a c e c r a f t  i n  a g r a v i t y - g r a d i e n t  s t a b i l i z e d  
a t t i t u d e .  I n  t h i s  a t t i t u d e ,  t h e  s p a c e c r a f t  a x i s  o f  minimum moment 
of i n e r t i a  i s  i n  t h e  o r b i t a l  p l a n e  and a l i g n e d  w i t h  t h e  l o c a l  v e r t i c a l .  

* 
Secondary e f f e c t s ,  such a s  v a r i a t i o n  o f  power as a f u n c t i o n  

of p a n e l  t e m p e r a t u r e  i s  beyond t h e  scope  o f  t h i s  memorandum. 
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S p e c i f i c a t i o n  o f  two a n g l e s  i s  r e q u i r e d  t o  d e s c r i b e  t h e  o r i e n t a -  
t i o n  of t h e  array w i t h  r e s p e c t  t o  t h e  o r b i t a l  p l a n e  and l o c a l  
v e r t i c a l .  These a n g l e s  a r e  shown i n  F i g u r e  6 .  

$ :  The f i x e d  a n g l e  between t h e  l i n e  formed by t h e  
i n t e r s e c t i o n  o f  t h e  p l ane  of  t h e  array and t h e  
o r b i t a l  p l a n e  and the  t a n g e n t  t o  t h e  o r b i t .  + i s  t h e r e f o r e  t h e  ang le  between t h e  l o c a l  v e r t i -  
c a l  ( p o s i t i v e  away f rom t h e  ea r th )  and t h e  pro-  
j e c t i o n  o f  t h e  outward normal  t o  t h e  array, n, 
i n  t h e  o r b i t a l  p l a n e .  J, i s  p o s i t i v e  as shown. 

9 :  The f i x e d  a n g l e  between t h e  p l a n e  o f  t h e  array 
and t h e  o r b i t a l  p l a n e .  The t r u e  view o f  8 i s  
shown i n  t h e  S-0-Z p l a n e  i n  F i g u r e 6 .  The space-  
c r a f t  i s  a t  t h e  p o s i t i o n  where m i s  p a r a l l e l  t o  
t h e  S-0-Z p l a n e  and t h e r e f o r e  t h e  view of  t h e  
a r r a y  i s  a l i n e .  

A d d i t i o n a l  d e f i n i t i o n s  r e q u i r e d  f o r  F i g u r e s  6 and 7 a r e :  

The a n g l e  t h a t  s p e c i f i e s  t h e  s p a c e c r a f t  p o s i t i o n  
i n  t h e  o r b i t .  II i s  ze ro  a t  noon, noon o c c u r r i n g  
when t h e  s p a c e c r a f t  i s  i n  t h e  S-0-Z p l a n e  on t h e  
sun  s ide  o f  t h e  o r b i t , ' a s  shown i n  F i g u r e  6, 
rl i s  p o s i t i v e  i n  t h e  d i r e c t i o n  of t h e  o r b i t a l  
v e l o c i t y  v e c t o r .  

The a n g l e  - between t h e  outward  normal  t o  t h e  s o l a r  
a r ray ,  iu', and tile solaic v e c t o r ,  U .  @ 

A s  t h e  s p a c e c r a f t  p r o g r e s s e s  a round t h e  o r b i t ,  t h e  
v e c t o r  fl ( w i t h  o r i g i n  a t  0 ,  t h e  c e n t e r  of  t h e  e a r t h )  t r a v e l s  
on t h e  s u r f a c e  o f  a cone. This  cone i s  c e n t e r e d  on t h e  normal  
t o  t h e  o r b i t a l  p l a n e ,  Z ,  and has a h a l f  a n g l e  e q u a l  t o  0 .  
The c o s i n e  of  + w i l l  b e  ze ro  when m i s  a l o n g  t h e  i n t e r s e c t i o n  
of  t h i s  cone and a p l a n e  t h a t  i s  normal  t o  t h e  sun l i n e .  T h i s  
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- i n t e r s e c t i o n  i s  shown as t h e  t r i a n g l e  D-0-L i n  F i g u r e  7. When 
N i s  i n  t h e  h a l f - s p a c e  on t h e  sun - s ide  o f  t h i s  p l a n e ,  s o l a r  
array o u t p u t  i s  p o s i t i v e ,  ( n e g l e c t i n g  f o r  t h e  moment ea r th  
shadowing) .  When i s  i n  t h e  h a l f - s p a c e  on t h e  s ide  o f  t h i s  
p l a n e  away from t h e  sun ,  array o u t p u t  i s  z e r o .  If 8 i s  l e s s  
t h a n  6, t h e  cone w i l l  n e v e r  i n t e r s e c t  t h e  p l a n e  normal  t o  t h e  
sun  l i n e  and fl w i l l  always l i e  i n  t h e  sun- s ide  h a l f - s p a c e .  
The p r o j e c t i o n  o f  n i n  t h e  base  o f  t h e  cone ( o r  i n  t h e  o r b i t a l  
p l a n e )  w i l l  make an a n g l e  of  ( q  + I$) t o  t h e  p r o j e c t i o n  of  t h e  
s o l a r  v e c t o r  i n  t h a t  same p l a n e .  

* 

The e x p r e s s i o n  f o r  cos  4 i n  terms o f  8 ,  8 ,  n ,  and 
$ can b e  d e r i v e d  d i r e c t l y  from F i g u r e  7.  If i s  a u n i t  v e c t o r ,  
t h e  component o f  fl i n  t h e  d i r e c t i o n  o f  S i s  cos  4 .  The l e n g t h  
o f  t h e  p r o j e c t i o n  of n i n  t h e  p l a n e  o f  t h e  base o f  t h e  cone ,  
i t s  l o c u s ,  i s  s i n  8 .  
l e n g t h  i s  s i n  8 cos  (11 + I$>. The h e i g h t  o f  t h e  cone i s  c o s  8 .  
The d i s t a n c e  between t h e  normal t o  t h e  o r b i t a l  p l a n e ,  Z ,  and 
t h e  l i n e  D-L measured i n  t h e  p l a n e  o f  t h e  base o f  t h e  cone and 
p a r a l l e l  t o  t h e  S-0-Z p l a n e  i s  cos  8 t a n  B as shown. The t o t a l  
d i s t a n c e  between t h e  t i p  o f  t h e  u n i t  v e c t o r  and t h e  l i n e  
DL, as measured i n  t h e  base o f  t h e  cone and p a r a l l e l  t o  t h e  
S-0-Z p l a n e  i s  t h e r e f o r e  s i n  8 c o s ( n  + $ )  + cos 8 t a n  8 .  
A s  t h e  base of t h e  cone makes t h e  a n g l e  B w i t h  t he  s o l a r  v e c t o r ,  
S ,  t h e  p r o j e c t i o n  a l o n g  S of  t h i s  d i s t a n c e  i s  t h e  d i s t a n c e  t imes 
cos B .  T h e r e f o r e :  

When viewed i n  t he  S-0-Z p l a n e ,  i t s  a p p a r e n t  

cos  4 = s i n  e cos  8 cos(n + $)  + c o s  e s i n  8 (19) 

Q I J - Z ~ . ~ G ~ ~  (19) be ~~~~~e~ fer the cl a t  wiiicii  

L 
fl passes i n t o  and o u t  o f  t he  da rk - s ide  half-space,  i . e . ,  nD and n 
r e s p e c t i v e l y .  T h i s  o c c u r s  when cos4  = 0 ;  t h e r e f o r e :  

* 
B can b e  c o n s i d e r e d  as a f i x e d  a n g l e  o v e r  t h e  t i m e  f o r  one 

o r b i t .  
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, we n o t e  t h a t  5 e x i s t s  on ly  i f  t a n 8  D e f i n i n g  5 = cos  * 
.8 < 8 .  
I f -6  e x i s t s ,  i t  i s  double  va lued ,  and: 

T h i s  i s  c d n s i s t e n t  w i t h  p r e v i o u s  d i s c u s s i o n  of  F i g u r e  6 .  

% *  
B.  I n e r t i a l  A t t i t u d e  

I n  s u n l i g h t  t h e  power o u t p u t  of  a s o l a r  array on an  
i n e r t i a l l y  o r i e n t e d  v e h i c l e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
c o s i n e  o f  t h e  f i x e d  a n g l e  4 ( d e f i n e d  as i n  t h e  p r e v i o u s  s e c t i o n ) .  
If t h e  a r r a y  i s  sun  o r i e n t e d ,  cos  4 = 1, which i s  optimum. 

C .  Shadowing by  t h e  E a r t h  

I n  t h e  c a s e  of  t h e  g r a v i t y - g r a d i e n t  s t a b i l i z e d  a t t i t u d e ,  
power o u t p u t  can go t o  z e r o  a t  t h e  l i m i t s  nD and n 
b y  e q u a t i o n s  ( 2 1 )  and (221, or e i t h e r  or b o t h  o f  t hese  might  b e  
replaced by  t h e  a n g l e ' s  nDUSK and nDAWN a t  which t h e  s a t e l l i t e  
e n t e r s  and e x i t s  from t h e  e a r t h ' s  shadow. I n  t h e  c a s e  o f  t h e  
i n e r t i a l l y  o r i e n t e d  s p a c e c r a f t ,  ,iDAWN and n 
t h e  l i m i t s  on power o u t p u t .  

o r b i t a l  p l a n e  a n g l e ,  6 .  T h i s  r e l a t i o n s h i p  can  b e  w r i t t e n  w i t h  

o r b i t a l  p l a n e  l o o k i n g  down a t  the  t o p  o f  t h e  f i g u r e ,  a view of  
t h e  S-0-Z p l a n e  a t  t he  bot tom l e f t ,  and a view l o o k i n g  d i r e c t l y  
down t h e  s u n  l i n e ,  S ,  a t  t h e  bottom r i g h t .  P o i n t  T i s  on t h e  
s u r f a c e  o f  t h e  ea r th  and i s  t h e  p o i n t  a t  which t h e  l a s t  r a y  o f  
s u n l i g h t  i s  t a n g e n t  as t h e  s a t e l l i t e  moves i n t o  t h e  shadow. 

s p e c i f i e d  L 

a l o n e  de te rmine  D U S K  
For  a c i r c u l a r  o r b i t ,  nDAWN and 

are  f u n c t i o n s  o f  on ly  t h e  o r b i t a l  a l t i t u d e  and t h e  sun  l i n e -  n~~~~ 

CL, ~ ~ , =  h e l p  of l72 L ' L & U L C  - 3 . u -  u u . V h m n o  L 1 1 1 L L  r r i  "IC""" OT.TC a r e  skl,cJ.II?: 1 view Qf t,he 

* 
I n  t h i s  d i s c u s s i o n ,  B i s  l i m i t e d  to v a l u e s  between 0 and 

90° for t h e  same r e a s o n s  t h a t  we t o o k  t h e  a b s o l u t e  v a l u e  of  B 
i n  our p r e v i o u s  c o n s i d e r a t i o n s .  Under t h i s  c o n d i t i o n ,  w e  can 
o b s e r v e  from F i g u r e  7 t h a t  t h e  same l i m i t s  on 8 w i l l  p r o v i d e  a t  
l e a s t  a half  o r b i t  of s u n l i g h t ,  whereas  8 > 90' w i l l  n o t .  

t u d e "  c a t e g o r y  are  e q u a l l y  a p p l i c a b l e  t o  a two-axis a r t i c u l a t i n g ,  
s u n  t r a c k i n g  a r ray  on a n o n - i n e r t i a l l y  o r i e n t e d  v e h i c l e .  

% *  I n  subsequent  d i s c u s s i o n ,  a l l  r e s u l t s  i n  t h e  " i n e r t i a l  a t t i -  
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FIGURE 8: GEOMETRY FOR DETERMINING EARTH SHADOW ANGLE 
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T i s  a d i s t a n c e  p below t h e  c e n t e r  of t h e  e a r t h  as measured i n  
t h e  S-0-Z p l a n e  p e r p e n d i c u l a r  t o  S. V i s  t h e  p o i n t  on t h e  o r b i t  
where shadow b e g i n s .  R i s  t h e  r a d i u s  of t h e  ear th ,  and H i s  
t h e  c o n s t a n t  a l t i t u d e  o f  t h e  s a t e l l i t e .  The half-shadow a n g l e  
i s  c a l l e d  u and i s  T - r lDUSK.  

The c o o r d i n a t e s  o f  V i n  t h e  o r b i t a l  p l a n e  are shown 
i n  t h a t  view. By o b s e r v i n g  t h a t  t he  d i s t a n c e  between 0 and V 
as s e e n  i n  t h e  S-0-Z p l a n e  i s  ( R  + H)cosa ,  w e  can w r i t e :  

p = (R t H) cos  0 s i n  B 

When w e  l ook  down t h e  sun l i n e ,  w e  n o t e  t h a t :  

By e q u a t i n g  these two e x p r e s s i o n s  f o r  p ,  and e q u a t i o n  f o r  
u i n  terms of 6, R ,  and H i s  o b t a i n e d :  

2 2  - (R + H) s i n  u ( R  + HI cos 0 s i n  B = ~2 2 2  2 
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2 s i n a  = -JiR H) 2 - s i n  B 

cos  B 

For  t h e  c i r c u l a r  o r b i t ,  - Q~~~~ 

It i s  p o s s i b l e  t h a t  no shadowing o c c u r s .  T h i s  happens on ly  
when $ approaches  90' f o r  low a l t i t u d e  o r b i t s .  
f o r  shadowing t o  occur  i s  that  s i n 6  < + . T h i s  i s  e v i d e n t  b o t h  
from F i g u r e  8 and from Equat ion  ( 2 3 ) .  

V. ENERGY FROM SOLAR ARRAYS 

The r equ i r emen t  
R 

The energy a v a i l a b l e  from a f i x e d  s o l a r  array i n  one 
o r b i t  i s  t h e  t i m e  i n t e g r a l  of the  s o l a r  array power o u t p u t  o v e r  
t h e  o r b i t .  If w e  c a l l  t h e  energy a v a i l a b l e  Q and n o t e  t h a t  t h e  
a n g l e  Q i s  d i r e c t l y  p r o p o r t i o n a l  t o  t i m e  i n  a c i r c u l a r  o r b i t ,  
w e  can w r i t e :  

where E would b e  t h e  t o t a l  energy i f  t h e  p a n e l  f a c e d  t h e  sun  
c o n t i n u o u s l y  and there  was no shadow d u r i n g  an  o r b i t .  The f a c t o r  
2~ ar i ses  because  w e  are  i n t e g r a t i n g  w i t h  Q ra ther  t h a n  t i m e .  

A .  G r a v i t v  Grad ien t  A t t i t u d e  

F o r  t h e  g r a v i t y  g r a d i e n t  a t t i t u d e ,  s u b s t i t u t i n g  
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e q u a t i o n  (19) i n t o  e q u a t i o n  ( 2 5 )  y i e l d s :  

rl end o f  s u n l i g h t  
Q G G  - - &I ( s i n e  c o s @  c o s ( n  + $1 + cos0  s i n @ )  dn ( 2 6 )  

beg inn ing  o f  s u n l i g h t  

E v a l u a t i n g  t h e  i n t e g r a l :  

end of  s u n l i g h t  f E ( s i n e  cos6 s i n ( n  + 4 )  + rl case s i n B )  QGG - z - 

/‘ b e g i n n i n g  o f  s u n l i g h t  

( 2 7 )  

The lower limit 9 ’ lbeginning of s u n l i g h t  > w i l l  be e i t h e r  n L  
d e f i n e d  by  ( 2 2 )  or qDAWN - - -qDUSK d e f i n e d  by (241, whichever  
i s  t h e  smaller a n g l e .  Except i n  t h e  c a s e  o f  $ < -goo, t h e  
v a l u e  o f  t h i s  lower l i m i t  w i l l  b e  n e g a t i v e .  
‘end o f  s u n l i g h t ’  
whichever  i s  t h e  smaller a n g l e .  Except  i n  t h e  c a s e  o f  $ > +goo, 
t he  v a l u e  o f  t h e  upper  l i m i t  w i l l  be  p o s i t i v e .  
and lower  l i m i t s  on rl are d e f i n e d  b y  t h e  same k i n d  of  phenomena, 
i . e . ,  i f  t h e  lower  l i m i t  i s  nL and  t h e  uppe r  i s  n D ,  o r  i f  t h e  lower  

is ‘DAWN 
o f  +. I n  t h e  f i r s t  c a s e :  

The upper  l i m i t ,  
w i l l  b e  e i t h e r  n D  d e f i n e d  by  (21) o r  nDUSK,  

If b o t h  upper  

and t h e  upper  i s  nDUSK, t h e n  t h e  energy  i s  n o t  a f u n c t i o n  

0 
Y ( 2  s i n 6  cos6 s i n 6  + 2 6  cost) s i n b j  - - -  

QGG 2.rr 

And i n  t h e  second c a s e :  

( 2 8 )  

( 2  s i n e  c o s @  sinnDuSK + ‘QDUSK cose  s i n @ )  QGG - z (29) - E 
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T h e r e f o r e ,  i n  t hese  c a s e s  t h e r e  i s  no  advan tage  i n  making J I  
o t h e r  t h a n  z e r o .  The on ly  r e a s o n  f o r  making J I  o t h e r  t h a n  z e r o  
i s  when t h e  s o l a r  p a n e l  s y s t e m  i s  composed o f  more t h a n  one 
p l a n a r  array and t h e  i n d i v i d u a l  a r r a y s  are s e t  a t  d i f f e r e n t  
+ ' s  t o  p r o v i d e  a f a i r l y  l e v e l  power o u t p u t  on t h e  s u n  s i d e  o f  t h e  
o r b i t .  However, when any one p a n e l  i s  s t r u c k  by  s u n l i g h t  immedia te ly  
upon e x i t i n g  from t h e  ea r th ' s  shadow, and t h e n  l o s e s  i t s  view 
o f  t h e  sun  b e f o r e  e n t e r i n g  t h e  shadow ( t h e  c a s e  when upper  and 
lower  l i m i t s  are o f  d i f f e r e n t  t y p e s ) ,  t h e  p e r  o r b i t  energy  
a v a i l a b l e  from t h a t  p a n e l  w i l l  b e  less t h a n  i f  t h e  l i m i t s  are 
of  t h e  same t y p e .  

B. I n e r t i a l  A t t i t u d e  

For  t h e  i n e r t i a l  a t t i t u d e ,  e q u a t i o n  ( 2 5 )  becomes: 

C O S  0 d 0 
- 

QI - 2n. 

where cos  I$ i s  a c o n s t a n t .  E v a l u a t i n g  t h e  i n t e g r a l  

V I .  OPTIMIZATION OF 0 VS.  B FOR GRAVITY GRADIENT STABILIZED 
ATTITUDE WITH + = 0 .  

The optimum e f o r  any B can be o b t a i n e d  by s e t t i n g  
t h e  p a r t i a l  d e r i ~ i t . i v e  n f  Q?: with r e s p e c t  t o  8 e q u a l  t o  z e r o  

CrLr 
and s o l v i n g  f o r  0, w i t h  QGG g iven  by e i t h e r  ( 2 8 )  o r  ( 2 9 ) ,  

whicheve r  i s  a p p l i c a b l e .  If t h e  l i m i t s  on s u n l i g h t  are de te r -  
mined b y  t h e  normal  t o  t h e  s o l a r  array p a s s i n g  i n t o  t h e  da rk  
half-space,  ( 2 8 )  i s  a p p l i c a b l e ,  i . e .  
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- - E [ 2 s i n e  cos6 s i n  ( ~ o s - 1 1 -  tanB 
QGG 2.rr 

+ 2 ( cos  -1 1- t a n 8  cose  sin! 

O p t i m i z a t i o n  y i e l d s  

s i n e  cose - s i n 6  t a n 6  

s i n  &cos e t a n  B . s i n e  d 7 2 - ' '  t a n  0-tan 6 2 2 2 

T h i s  t r a n s c e n d e n t a l  e q u a t i o n  can b e  s o l v e d  for eoptimum. 
I f  t h e  l i m i t s  on s u n l i g h t  are  de te rmined  by e a r t h  shadowing, 
(29) i s  a p p l i c a b l e  and 

s ine  s i n @ )  - -  
DUSK - '"DUSK ( c o s 8  cos  B s i n  q 

E 
a e  7I 
a Q ~ ~  - o = -  

. I  which can  be s o l v e d  f o r  
'Y - 

ODUSK 

cosB s i n n  
e o p t  imum = tan-' ( (33 )  

E q u a t i o n s  ( 3 2 )  and ( 3 3 )  have been s o l v e d  for Bopt imum f o r  t h e  
AAP-l/AAP-2 m i s s i o n  where t h e  a l t i t u d e  i s  270 n a u t i c a l  mil.es and 
t h e  maximum 8 i s  51.95'. The r e s u l t s  are p l o t t e d  i n  F i g u r e  9 .  



9c 

80 

70 

6C 

n cn 
W 
w 

w 
U 

x 
a z 
I- 

W 5a  
n 

- 
: Ica 
a 

30 

20 

IO 

0 

r,\ 

0 I O  20 30 IcO 50 

B [DEGREES] 

FIGURE 9: eOPTIWUW vs. p 



I .  

* BELLCOMM, INC. - 2 7  - 

V I I .  CONTINUOUS POWER FROM THE SOLAR ARRAY/BATTERY ELECTRICAL 
POWER SYSTEM 

The r a t i o  o f  con t inuous  power a v a i l a b l e  t o  a l o a d  from 
a s o l a r  a r r a y / b a t t e r y  EPS t o  t h e  a v e r a g e  of  t h e  s o l a r  a r r a y  power 
o u t p u t  d u r i n g  sun  exposure  h a s  been  g i v e n  i n  a r e c e n t  r e p o r t  I' and 
i s  r e p r e s e n t a t i v e  of t h e  s o l a r  a r r a y  EPS t o  be  used on AAP-l/AAP-2. 

'SA 1 + TD 1 0 0  [=aj 
where : Pc = Continuous power a v a i l a b l e  

PSA = Average s o l a r  a r r a y  power i n  s u n l i g h t  

J = Q/ (TO x 'end o f  s u n l i g h t  - 'beginning o f  s u n l i g h t  
2 T  

T, 
- R a t i o  o f  da rk  t ime t o  l i g h t .  t i m e  u T -  

'end of s u n l i g h t  + 'beginning o f  s u n l i g h t  2 T  - 

+ 'end o f  s u n l i g h t  

- - 
- 

'beginning o f  s u n l i g h t  

Dunlop J .  D . ,  "AMDA/OWS S o l a r  Array Power System C a p a b i l i t y  - 4, 
I n e r t i a l  O r i e n t a t i o n " ,  Bellcomm Memorandum f o r  F i l e ,  J u n e  9 ,  1 9 6 7 .  
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Reg B = B a t t e r y  r e g u l a t o r  e f f i c i e n c y  ( 9 3 % )  

B = B a t t e r y  charge e f f i c i e n c y  ( 6 5 % )  

Reg V = Vol tage  r e g u l a t o r  e f f i c i e n c y  ( 9 3 % )  

A s  d i s c u s s e d  i n  Reference  4 ,  u s i n g  t h e  most r e a s o n a b l e  estimates 
of' t h e  e f f i c i e n c i e s  of t hese  system components,  as shown i n  
p a r e n t h e s e s  above,  and a 4% l i n e  loss, e q u a t i o n  ( 3 5 )  becomes 

- 'SA 
TD 
TL 

pc - 
(1 t 1 .65  -) 1.118 

( 3 5 )  

The sun o r i e n t e d  power o u t p u t  of t h e  array, which de- 
t e r m i n e s  t h e  energy  a v a i l a b l e  from t h e  array o v e r  one o r b i t ,  
i s  t a k e n  as 6 . 0 7  KW. Pc has been e v a l u a t e d  f o r  t h e  g r a v i t y -  
g r a d i e n t  s t a b i l i z e d  v e h i c l e  w i t h  p a n e l  o r i e n t a t i o n  a n g l e s ,  
0 ,  v a r y i n g  between 0 and 90" and i s  p l o t t e d  v s .  t h e  sun  l i n e  - 
o r b i t a l  p l a n e  a n g l e ,  B ,  i n  F i g u r e  1 0 .  The f u n c t i o n  f o r  a n  i n e r t i a l  
a t t i t u d e  w i t h  0 = 0 ( i . e . ,  PSA = 6.07 KW) i s  a l s o  p l o t t e d  v s .  
6 .  The upper  envelope  of t h e  g r a v i t y - g r a d i e n t  s e t  of  c u r v e s  
conf i rms  t h e  p l o t  of Ooptimum v s .  8 g i v e n  i n  F i g u r e  9 . 

If AAP-l/AAP-2 i s  flown i n  a g r a v i t y - g r a d i e n t  s t a b i l i z e d  
a t t i t u d e ,  t h e  v a l u e  of 0 which shou ld  be chosen  f o r  t h e  solar 
ar ray  o r i e n t a t i o n  i s  dependent  on t h e  v e r s a t i l i t y  of t h e  deploy-  
ment and o r i e n t a t i o n  mechanism, and on t h e  f l e x i b i l i t y  of  t h e  
e x p e r i m e n t a t i o n  t i m e  l i n e .  'de s h a l l  first c n n s i d e r  t h e  case where 
t h e  exper iment  t i m e  l i n e  i s  f l e x i b l e .  By t h i s  w e  mean t h a t  t h e  
Workshop exper iment  r e q u i r i n g  t h e  grea tes t  power would b e  r u n  on 
t h e  days  when B i s  such  t h a t  t h e  c o n t i n u o u s  power from t h e  s o l a r  
pane l -secondary  b a t t e r y  sys t em i s  h i g h e s t .  Our o b j e c t i v e  i s  t h e n  
t o  se t  0 t o  o b t a i n  t h e  maximum power o v e r  t h e  m i s s i o n .  

The h i g h e s t  average c o n t i n u o u s  power a v a i l a b l e  o v e r  a 
m i s s i o n  would be  o b t a i n e d  i f  t h e  a n g l e  0 c o u l d  be v a r i e d  d u r i n g  
t h e  m i s s i o n ,  p o s s i b l y  by d a i l y  i n c r e m e n t s ,  t o  f o l l o w  t h e  cu rve  o f  
F i g u r e  9 .  The c o n t i n u o u s  power would t h e n  b e  t h e  v a l u e  g i v e n  by 
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t h e  upper  enve lope  of F i g u r e  10 a t  any p a r t i c u l a r  v a l u e  of B .  
N e g l e c t i n g  s p a c e c r a f t  shadowing, t h i s  method would y i e l d  48% 
of  t h e  power a v a i l a b l e  w i t h  t h e  i n e r t i a l  a t t i t u d e  a t  B = 0 ,  
and 81% o f  t h e  power a v a i l a b l e  w i t h  t h e  i n e r t i a l  a t t i t u d e  a t  
B = 51.95'. A t  t h e  mean va lue  o f  1131 = 2 0 . 4 4 '  t h e  power i s  

avg  
57% of  t h a t  w i t h  t h e  i n e r t i a l  a t t i t u d e .  If t h e  p a n e l  o r i e n t a t i o n  
mechanism i s  such  t h a t  8 cannot b e  changed a f t e r  l a u n c h ,  t h e n  
a 8 chosen from F i g u r e  9 f o r  t h e  ave rage  o f  t h e  B a n g l e  o v e r  
t h e  28-day m i s s i o n  w i l l  y i e l d  a lmos t  t h e  maximum power. A 
p a n e l  o r i e n t a t i o n  a n g l e  chosen i n  t h i s  manner w i l l  n o t  p r o v i d e  
t h e  a b s o l u t e  maximum ave rage  power because  t h e  power f o r  a 
g i v e n  8 i s  n o t  a l i n e a r  f u n c t i o n  of B .  However, t h e  d i f f e r e n c e  
i n  con t inuous  power o u t p u t  f o r  a 8 chosen i n  t h i s  f a s h i o n ,  and 
t h e  a b s o l u t e  maximum o b t a i n a b l e  from a f i x e d  a r r a y  w i l l  b e  o n l y  
a f e w  wat ts .  

If l aunch  t i m e  i s  s e t  by  d a y  and t ime-of-day,  t h e  
can b e  c a l c u l a t e d ,  as was done i n  g e n e r a t i n g  F i g u r e  I I avg 

For  i n s t a n c e  i f  l aunch  i s  t o  occur  a t  noon on October  2 4 ,  

w i l l  be  about  1 7  f o r  t h e  m i s s i o n ,  and b y  F i g u r e 9  I I avg  
f i n d  t h a t  8 optimum w i l l  b e  about  61'. Not ice  t h a t  a s l i p  
t h e  l aunch  t i m e  o f  one t o  s e v e r a l  days  w i l l  n o t  a D D e a r a b l v  

1' 

4. 

w e  
i n  
a f f e c t  

t h i s  r e s u l t ,  as l o n g  as t h e  t i m e  o f  bay o f  l a u n c h L ~ e m a i n s " 1 2 0 0  
h o u r s .  If l aunch  t i m e  i s  s e t  by t ime-of -year  o n l y ,  and t h e r e  
a re  t o  b e  no c o n s t r a i n t s  on t h e  t ime-of-day,  t h e n  8 s h o u l d  b e  
p i c k e d  t o  o p t i m i z e  power f o r  t h e  d a i l y  mean o f  I B I  
t h a t  t ime of yea r .  I n  t h e  case  o f  mid-October we would p i c k  
8 = 55' from F i g u r e  9 co r re spond ing  t o  B = 20'. If t h e r e  i s  
no o p p o r t u n i t y  t o  o p t i m i z e  8 f o r  l aunch  t i m e ,  i t  shou ld  b e  
s e t  f o r  t h e  mean o f  I B i  over  t he  y e a r .  For, I I  - - 2 3 .  I !  I :  ' 

f o r  
avg 

1 ' I avg avg 
e = 54'. 

If t h e  power p r o f i l e  i s  i n f l e x i b l e ,  and a f a i r l y  
l e v e l  power o u t p u t  i s  d e s i r e d  for any B ,  t h e n  8 shou ld  be 

s e t  a t  about  75'. 
o r i e n t a t i o n  a n g l e ,  t h e  cont inuous  power w i l l  v a ry  between 
1 . 2 7  KW and 1 . 4 0  KW. 

T h i s  i s  e v i d e n t  f o r  F i g u r e  1 0 .  With t h i s  
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The average  o f  t h e  cont inuous  power o u t p u t  o v e r  a 
28-day m i s s i o n s  launched  a t  about  1 0 0 0  d i f f e r e n t  t imes have 
been c a l c u l a t e d  f o r  t h e  f o l l o w i n g  f i v e  c a s e s :  

1. I n e r t i a l  A t t i t u d e ,  0 = 0 

2 .  Gravi ty-Gradien t  A t t i t u d e ,  8 = 75O, J, = 0 

3 .  Gravi ty-Gradien t  A t t i t u d e ,  8 = 60 0 , $  = 0 

4 .  Gravi ty-Gradien t  A t t i t u d e ,  8 = 54O, JI = 0 

5 .  Gravi ty-Gradien t  A t t i t u d e ,  8 = 45O, JI = 0 

The maximum, minimum, mean, and v a r i a n c e  o f  t h e s e  ave rage  
v a l u e s  o f  con t inuous  powers a r e  g iven  i n  t h e  f o l l o w i n g  t a b l e .  

V A R I A N C E  

AVERAGE C O N T I N U O U S  POWER OVER 2 8  DAYS 
(KILOWATTS) 

INERTIAL 
ATTITUDE 

$=O 

2.94  

2.73 

2 . 8 0  

.062 

9 = 7 5 O  

GRAVITY-GRADIENT ATTITUDE 

1 . 3 8  

1 . 3 3  

1 .36  

.015 

e=6O0 

1 . 6 9  

1 . 3 1  

1 . 4 7  

, 1 0 3  

1 . 7 7  

1 . 2 9  

1 . 4 9  

.134 

e=45O 

1.89 

1 . 2 1  

1 . 4 9  

.i86 

The 75' s o l a r  pane l  o r i e n t a t i o n  a n g l e  g i v e s  t h e  lowes t  
v a r i a n c e ,  i n d i c a t i n g  t h a t  t h i s  p r o v i d e s  a f a i r l y  l e v e l  power 

o u t p u t  r e g a r d l e s s  o f  6 .  The c a s e  o f  8 = 54' Rives  a lmost  t h e  maximum 
mean o f  ave rage  power f o r  a random launch  t i m e  o v e r  t h e  y e a r .  
The d i f f e r e n c e  between t h e  power a v a i l a b l e  a t  t h i s  o r i e n t a t i o n  
a n g l e  and t h e  maximum p o s s i b l e  power w i t h  a f i x e d  8 i s  less  t h a n  
1 0  watts.  
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manner, and t h e  power a v a i l a b l e  a t  t h e  ave rage  of I f 3  f o r  t h e  

V I I I .  SUMMARY 

I n  t h e  i n i t i a l  s e c t i o n s  of t h i s  r e p o r t  t h e  e x p r e s s i o n  
f o r  t h e  s i n e  of t h e  a n g l e  between t h e  sun  l i n e  and t h e  o r b i t a l  
p l a n e ,  B ,  has been developed  i n  t e rms  of a s e t  of c o n s t a n t s  f i x e d  
by l aunch  day and t ime-of-day t imes  harmonic f u n c t i o n s  of m i s s i o n  
t ime .  Expres s ions  f o r  cont inuous  power o u t p u t  of a s o l a r  
a r r a y / b a t t e r y  e l e c t r i c a l  power s y s t e m  as f u n c t i o n s  of  array 
o r i e n t a t i o n  w i t h  r e s p e c t  t o  an o r b i t i n g  s a t e l l i t e ,  s a t e l l i t e  
a t t i t u d e ,  and 6 have a l s o  been o b t a i n e d .  S t a t i s t i c a l  a n a l y s e s  
of  t h e  a b s o l u t e  v a l u e  of  B and i t s  t r i g o n o m e t r i c  f u n c t i o n s ,  
and o f  con t inuous  power ou tpu t  have been  per formed n u m e r i c a l l y  
t o  o b t a i n  ave rage  v a l u e s  of t h e s e  q u a n t i t i e s  o v e r  t h e  d u r a t i o n  of 
t h e  AAP- l /AAP-2  m i s s i o n .  Maximums, minimums, means and v a r i a n c e s  
o f  these a v e r a g e s  have "ueen fzur,d tc! st1-1.dy t h e  power s y s t e m  
c a E a b i l i t i e s  f o r  a random launch  t i m e .  T h i s  s t u d y  of t h e  a v e r a g e s  
o v e r  t h e  m i s s i o n  i s  a more v a l i d  base f o r  comparing power s y s t e m  
c o n f i g u r a t i o n s  and f l i g h t  a t t i t u d e s  t h a n  a s t u d y  of o u t p u t s  a t  
t h e  l i m i t s  of 161,  0 and 51.95', which occur  i n f r e q u e n t l y ,  and 
p e r h a p s  n e v e r ,  ove r  t h e  course  of a m i s s i o n .  

The s t a t i s t i c a l  s tudy  of I f 3 1  o v e r  a 28-day m i s s i o n  
avg 

has y i e l d e d  t h e  v a l u e s  of 35.28', 9.54', and 20.44O f o r  t h e  
maximum, minimum, and mean r e s p e c t i v e l y .  The ave rage  con t inuous  

, 
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power o u t p u t  f o r  a s o l a r  a r r a y  b a t t e r y  sys tem on a s a t e l l i t e  
h e l d  i n e r t i a l l y  w i t h  t h e  a r r a y  sun  o r i e n t a t e d  i s  a f u n c t i o n  
o n l y  o f  1 1 3 1 .  For t h e  e l e c t r i c a l  power sys t em c o n s i d e r e d  ( a  
6 . 0 7  KW a r r a y ) ,  t h e  m i s s i o n  average  con t inuous  o u t p u t  o f  t h e  
sys tem w i l l  va ry  between 2 . 7 3  KW and 2 . 9 4  KW and i t s  mean f o r  
a random launch  t i m e  w i l l  be  2 . 8 0  KW. Although these  a b s o l u t e  
v a l u e s  cou ld  vary  by v i r t u e  of t h e  EPS d e s i g n ,  r a t i o s  between 
them are  independent  o f  t h e  s y s t e m .  

I f  t h e  s a t e l l i t e  i s  p a s s i v e l y  s t a b i l i z e d  w i t h  g r a v i t y -  
g r a d i e n t  induced t o r q u e s ,  t h e n  a d d i t i o n a l  v a r i a b l e s  d e s c r i b i n g  
t h e  a r r a y  o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  v e h i c l e  or o r b i t  
axes  e n t e r  t h e  c a l c u l a t i o n s .  The a n g l e  between t h e  p l a n e  o f  
t h e  a r r a y  and t h e  o r b i t a l  p l a n e ,  8 ,  can be s e t  t o  o p t i m i z e  
t h e  power o u t p u t  o f  t h e  s o l a r  a r ray .  The second a n g l e  r e q u i r e d  
t o  e s t a b l i s h  a r r a y  o r i e n t a t i o n  i s  $, which i s  t h e  a n g l e  between 
t h e  l o c a l  v e r t i c a l  and t h e  p r o j e c t i o n  o f  t h e  normal  t o  t h e  array 
i n  t h e  o r b i t a l  p l a n e .  A v a l u e  o f  $ o t h e r  t h a n  z e r o  might be 
used  i f  t h e  s o l a r  array system c o n s i s t s  o f  s e v e r a l  p l a n a r  a r r a y s  
and they  are  p o s i t i o n e d  i n  d i f f e r e n t  o r i e n t a t i o n s  t o  p r o v i d e  a 
f a i r l y  l e v e l  power o u t p u t  ove r  t h e  s u n l i t  s i d e  o f  t h e  o r b i t .  
Another  p o s s i b l e  c o n s t r a i n t  might r e q u i r e  a v a l u e  o f  $ o t h e r  t h a n  
z e r o .  If t h e  Workshop s o l a r  a r r a y  o r i e n t a t i o n  i n  t h e  AAP-3/AAP-4 
m i s s i o n  must be  op t imized  f o r  t h a t  m i s s i o n ' s  i n e r t i a l  a t t i t u d e ,  
- and t h e r e  i s  no p r o v i s i o n  t o  change p a n e l  o r i e n t a t i o n  between 
t h e  two s e t s  o f  m i s s i o n s ,  t h e n  t h e  p a n e l s  would b e  p a r a l l e l  to 
t h e  Workshop c e n t e r  l i n e .  A t  B = 0 ,  t h e r e  w i l l  b e  no o u t p u t  i f  
8 i s  z e r o .  With t h i s  c o t f i g u r a t i o n ,  a 0 o t h e r  t h a n  z e r o  au to -  
m a t i c a l l y  makes $ = ? 9 0  . T h i s  c o n s t r a i n t  would s e v e r e l y  l i m i t  
t h e  c a p a b i l i t y  of  t h e  system a t  low B a n g l e s ;  t h e  a r r a y  o u t p u t  
would b e  only  s l i g h t l y  g r e a t e r  t h a n  h a l f  t h a t  a v a i l a b l e  w i t h  a 
l a r g e  o and $ = 0 ,  and t h e  con t inuous  power a v a i l a b l e  t o  t h e  l o a d  
would b e  much less  t h a n  h a l f .  

C o n f i g u r a t i o n s  f o r  g r a v i t y - g r a d i e n t  s t a b i l i z e d  space-  
c r a f t  which a l low $ t o  b e  kep t  a t  z e r o  and 0 t o  be  s e t  f o r  t h e  
m i s s i o n  w i l l  y i e l d  a v e r a g e  powers t h a t  i n c r e a s e  w i t h  t h e  
v e r s a t i l i t y  o f  t h e  o r i e n t a t i o n  mechanism. I f  0 can be v a r i e d  
d u r i n g  t h e  m i s s i o n  as a f u n c t i o n  o f  B t o  maximize t h e  con t inuous  
p o w e r ' o u t p u t ,  t h e n  from 48% t o  81% of  t h e  con t inuous  power o u t p u t  
o f  t h e  i n e r t i a l  a t t i t u d e  w i l l  be  a v a i l a b l e ,  w i t h  57% a v a i l a b l e  
a t  thet '  y e a r l y  mean of t h e  average  B a n g l e .  I f  0 cannot  be  v a r i e d  
a f t e r  l aunch ,  i t  can  b e  s e t  f o r  t h e  ave rage  B for t h e  m i s s i o n  
w i t h  i n c r e a s i n g  ave rage  power o u t p u t s  o b t a i n e d  w i t h  i n c r e a s i n g  
c o n s t r a i n t s  on l aunch  t i m e .  Wi th  no c o n s t r a i n t s  on launch  t i m e  
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and w i t h  0 s e t  t o  o p t i m i z e  power o u t p u t  a t  t h e  y e a r l y  mean o f  
6 ,  t h e  y e a r l y  mean of t h e  mis s ion  ave rage  con t inuous  power o u t p u t  
w i l l  b e  53% o f  t h e  y e a r l y  mean o f  t h e  o u t p u t  w i t h  an i n e r t i a l  
o r i e n i a t i o n .  I f  a f a i r l y  l e v e l  power o u t p u t  i s  r e q u i r e d ,  a 0 
o f  75 p r o v i d e s  a con t inuous  power t h a t  i s  n o t  a s t r o n g  f u n c t i o n  
o f  6 .  However, t h e  y e a r l y  mean o f  t h e  o u t p u t  a t  t h i s  o r i e n t a t i o n  
a n g l e  d rops  t o  481  o f  t h e  y e a r l y  mean w i t h  an i n e r t i a l  a t t i t u d e .  

Although t h i s  a n a l y s i s  o f  con t inuous  power o u t p u t  has 
been done f o r  c a s e s  where a l l  s o l a r  c e l l s  are i n  a s i n g l e  p l a n e ,  
r e s u l t s  f o r  a s e t  o f  smaller p a n e l s  a t  d i f f e r e n t  o r i e n t a t i o n s  
w i t h  r e s p e c t  t o  t h e  s p a c e c r a f t  can be  o b t a i n e d  by summing r e s u l t s  
f rom a n a l y s e s  o f  each  o f  t h e  smaller p a n e l s .  
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